All vertebrate cell surfaces display a dense glycan layer often terminated with sialic acids, which have multiple functions due to their location and diverse modifications. The major sialic acids in most mammalian tissues are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), the latter being derived from Neu5Ac via addition of one oxygen atom at the sugar nucleotide level by CMP-Neu5Ac hydroxylase (Cmah). Contrasting with other organs that express various ratios of Neu5Ac and Neu5Gc depending on the variable expression of Cmah, Neu5Gc expression in the brain is extremely low in all vertebrates studied to date, suggesting that neural expression is detrimental to animals. However, physiological exploration of the reasons for this long term evolutionary selection has been lacking. To explore the consequences of forced expression of Neu5Gc in the brain, we have established brain-specific Cmah transgenic mice. Such Neu5Gc overexpression in the brain resulted in abnormal locomotor activity, impaired object recognition memory, and abnormal axon myelination. Brain-specific Cmah transgenic mice were also lethally sensitive to a Neu5Gcpreferring bacterial toxin, even though Neu5Gc was overexpressed only in the brain and other organs maintained endogenous Neu5Gc expression, as in wild-type mice. Therefore, the unusually strict evolutionary suppression of Neu5Gc expression in the vertebrate brain may be explained by evasion of negative effects on neural functions and by selection against pathogens.
All vertebrate cell surfaces display a dense glycan layer often terminated with sialic acids, which have multiple functions due to their location and diverse modifications. The major sialic acids in most mammalian tissues are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), the latter being derived from Neu5Ac via addition of one oxygen atom at the sugar nucleotide level by CMP-Neu5Ac hydroxylase (Cmah). Contrasting with other organs that express various ratios of Neu5Ac and Neu5Gc depending on the variable expression of Cmah, Neu5Gc expression in the brain is extremely low in all vertebrates studied to date, suggesting that neural expression is detrimental to animals. However, physiological exploration of the reasons for this long term evolutionary selection has been lacking. To explore the consequences of forced expression of Neu5Gc in the brain, we have established brain-specific Cmah transgenic mice. Such Neu5Gc overexpression in the brain resulted in abnormal locomotor activity, impaired object recognition memory, and abnormal axon myelination. Brain-specific Cmah transgenic mice were also lethally sensitive to a Neu5Gcpreferring bacterial toxin, even though Neu5Gc was overexpressed only in the brain and other organs maintained endogenous Neu5Gc expression, as in wild-type mice. Therefore, the unusually strict evolutionary suppression of Neu5Gc expression in the vertebrate brain may be explained by evasion of negative effects on neural functions and by selection against pathogens.
Glycan structures expressed on cell surfaces are highly diverse, depending on species, cell type, cellular differentiation, and activation. These glycans on proteins or lipids are not just modifications of core molecules that can be utilized as markers of particular cells but also have independent functions via specific interaction with glycan-recognizing molecules, such as lectins (1-3). Thus, impairment of proper glycosylation gives rise to developmental abnormalities or diseases (4, 5) .
Sialic acids are a family of monosaccharides that often occupy the non-reducing terminal position of vertebrate glycans. The lethal phenotype of mice gene-disrupted for UDP-GlcNAc 2-epimerase, a key enzyme of sialic acid biosynthesis, indicates that sialylation is essential for early development (6) . Sialic acids serve as key determinants of various molecular recognition events because of their location at the outermost part of the cell surface and their structural diversity by molecular modification (3) . In addition to endogenous sialic acid-binding molecules, e.g. sialic acid-binding immunoglobulin-like lectins (siglecs) (7, 8) or selectins (9) , exogenous sialic acid receptors are also very common, such as those detected by bacterial adhesins or viral agglutinins (10 -12) .
The brain is known to be rich in sialic acids. Moreover, sialoglycans in the brain have unique features in their structure and sialic acid composition. The majority of brain sialic acids are in lipid-bound form, i.e. gangliosides (13) . Gangliosides are involved in signal transduction as constituents of lipid rafts, mediate axon-myelin interactions, and support pathogenic infection by serving as receptors for neurotropic bacterial toxins (13) . Another characteristic of sialylated glycan structure in the brain is polysialic acid (polySia), 3 a homopolymer of Ͼ90 sialic acid residues attached to selected proteins (13, 14) . Poly-Sia modulates cell-cell interactions, thus playing important roles in neuronal development and regeneration (15) (16) (17) . Recently, it was suggested that polySia also serves as a reservoir of growth factors (18, 19) . Genetic studies have revealed that variation in a gene encoding the enzyme that biosynthesizes polySia, ST8SIA2, could be a risk factor of psychiatric disorders such as schizophrenia, autism spectrum, and bipolar disorder (20 -23) .
Regarding sialic acids in the brain, there is one strikingly unusual feature of composition. In most mammals, the major sialic acids are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), which differ by only one oxygen atom at the C-5 N-acyl group (24) . Neu5Gc is biosynthesized from Neu5Ac as a sugar nucleotide donor. This conversion from CMP-Neu5Ac to CMP-Neu5Gc in the cytosol is catalyzed by CMP-Neu5Ac hydroxylase (Cmah) (25, 26) . The ratio of the cytosolic CMP-Neu5Ac and CMP-Neu5Gc pool likely determines the Neu5Ac/Neu5Gc ratio in cell surface sialoglycans, because the Golgi CMP-sialic acid transporter and sialyltransferases can utilize both CMP-Neu5Ac and CMP-Neu5Gc as substrates without strong preferences (27) (28) (29) . Because of the differential regulation of Cmah expression, the ratio of these two major sialic acids varies markedly among different tissues in different animal species except for certain species like humans that have an inactive CMAH gene (CMAHP) and lack endogenous Neu5Gc expression throughout the body. Even in species that express ample Neu5Gc in other tissues, the brain shows extremely low Neu5Gc expression (Ͻ3%) in all vertebrate species tested to date, from fish to chimpanzees (30, 31) . In other words, the suppression of Neu5Gc expression in the vertebrate brain appears to be universal to all vertebrates studied so far, regardless of highly variable expression in other cell types (30) . This stringent conserved evolutionary brain expression pattern suggests possible negative effects of Neu5Gc on neural development and/or function.
In this study, we generated Neu5Gc-overexpressing Cmah transgenic (Tg) mice to address the physiological significance of Neu5Gc suppression in the vertebrate brain. We applied a Cre-loxP system to allow controlled expression of transgenederived Cmah by Cre recombinase. Cmah Tg mice obtained by crossing such mice with brain-specific Cre mice showed high and widely distributed Neu5Gc expression in the whole brain. Success in establishing Cmah Tg mice with high Neu5Gc expression allowed us to examine the consequences of Neu5Gc expression in the brain. We report both neural abnormalities and increased sensitivity to a Neu5Gc-preferring bacterial toxin, findings that could explain the consistent evolutionary suppression of Neu5Gc in the vertebrate brain.
Results and Discussion
Trace Amounts of Neu5Gc Reported in Vertebrate Brains Are Primarily in Endothelial Cells-Biochemical analyses found very low amounts of Neu5Gc (Ͻ3%) in all vertebrate brains tested to date even in species that express high levels of Neu5Gc in other tissues (30) . We used a sensitive and specific antibody that reacts with all known Neu5Gc-containing epitopes (32) to probe frozen sections of brains from multiple vertebrates that are known to express Neu5Gc in other tissues. We found that even this small amount of Neu5Gc is mostly expressed on the endothelial lining of blood vessels. Fig. 1 shows the results with mouse brain. Similar selective expression of Neu5Gc in an endothelial pattern was seen in brain sections from chimpanzees, rabbits, rats, Xenopus, and whitefish (data not shown). Not all the blood vessels in rabbit and rat brain sections had strong expression of Neu5Gc, and some macrophages/microglia in these species showed expression (data not shown). Regardless, no species studied showed clear staining of neural cells or the neuropil.
Lethality Observed in Initial Attempts to Overexpress Cmah in the Developing Embryo-To explore the evolutionary advantage of this specific and extreme suppression of Neu5Gc in vertebrate brain for hundreds of millions of years of evolution, we first tried to make mice with increased Neu5Gc in the brain by forced expression of the Cmah cDNA encoding the enzyme responsible for Neu5Gc biosynthesis. In the initial attempts, cytomegalovirus (CMV) promoter or neuron-specific enolase (NSE) promoter was used to express transgene-derived Cmah in a systemic or neuron-specific manner, respectively (33) . In both instances, no live mice with Neu5Gc expression in the brain were obtained (Table 1) . Even the few transgene-positive mice that were born did not express Cmah mRNA in the brain, suggesting that Neu5Gc expression might be lethal. When a Cmah frameshift mutation was introduced into the NSE promoter construct, a higher (typically expected for the transgenic facility) rate of live births was seen. Also, as expected, the mutant mRNA was expressed in the brain with no increase in Neu5Gc expression, indicating that suppression of Cmah expression in the brain is not due to mRNA instability. To investigate the mechanism of this apparent lethality, development of embryos after the CMV-promoter transgene injection was checked at embryonic day E13.5. Ninety percent of transgene-positive mice showed abnormalities such as being eyeless or decomposition of embryos ( Fig. 2 ), suggesting toxicity of the construct-mediated overexpression at some earlier stage of development.
Success in Obtaining Live Mice with Neu5Gc Overexpression in the Brain-In view of these findings, Tg mice harboring a Cre-inducible system for Cmah expression were generated ( Neu5Gc expression in the brain were obtained from three Tg founders (data not shown). We picked the Tg mouse founder line that showed the highest Neu5Gc expression with synapsin-Cre and crossed it with a nestin-Cre mouse, which induced transgene expression at an earlier stage and in a broader range of cells in the brain than synapsin-Cre (36) . Again, live mice expressing Cmah in the brain were obtained. In this case, the Neu5Gc/Neu5Ac ratio in their brains reached more than 80% (Fig. 3B ), and Cmah expression was confirmed by Western blotting (Fig. 3C ). Anti-Neu5Gc blotting revealed that Neu5Gc was incorporated into multiple proteins ( Fig. 3D ). Immunohistochemistry of brain sections using anti-Neu5Gc antibody showed Neu5Gc expression throughout the brain ( Fig. 3E ). Thus, lack of lethality in synapsin-Cre Cmah Tg and nestin-Cre Cmah Tg mice was not a result of Neu5Gc expression in a limited (tolerant) area of the brain. The discrepancy with the original evidence for lethality could be due to earlier expression of those transgenes during development (the NSE promoter was later found to be "leaky"). However, even when we made mice expressing the transgene-derived Cmah gene in preimplantation mouse embryos by mating Cre-inducible Cmah Tg mice with EIIa-Cre mice (37), animals with high Neu5Gc were born in predicted Mendelian inheritance ratios (data not shown). From these results, we concluded that Neu5Gc expression in early embryos or in the brain is not lethal. The lethality in our initial attempts may have been due to the classical transgenic techniques used involving injection of ϳ1000 copies of a complete transcriptional unit for Cmah production (38) . A transient high expression of the enzyme following the injection may have temporarily affected the embryo either directly or by depleting one or more of the known enzyme co-factors, such as iron, oxygen, NADH, or cytochrome b 5 reductase-cytochrome b 5 (39) . Given the possibility of such an artifact, we focused instead on the impact of Neu5Gc in the brain of the live mice that were generated using the Creinducible method.
No Gross Defect in Development or Fertility of Cmah-overexpressing Mice-Establishment of live brain Neu5Gc-overexpressing mice allowed us to study the effects of Neu5Gc expression on development and brain function. The nestin-Cre mouse was chosen as the best way to drive brain-specific transgene expression (hereafter called NCmahTg mice). Transgenepositive mice were born in the accordance with Mendelian inheritance ratios ( Fig. 3F ). No gross defect was observed in fertility, development, and brain size ( Fig. 3G ), although the brains of NCmahTg mice appeared slightly narrow (data not shown).
Effect of Neu5Gc Overexpression on Polysialylation-PolySia is a long chain of sialic acids attached to a limited set of proteins such as NCAM and SynCAM1 found mostly in the brain and especially in the developing brain (15, 40, 41) . NCAM is the most studied polysialylated protein. Polysialylated NCAM plays important roles not only in cell-cell interactions but also as a reservoir of brain-derived neurotrophic factor or growth factors to release them upon polySia degradation (18) . Because polySia is mainly expressed in the brain (where Neu5Gc is not normally expressed), it has been only studied in a Neu5Ac form. Previously, we reported that Neu5Gc incorporation into the polySia chain slows polySia degradation by sialidases and suggested that this might affect brain development and function (30) . Thus, we checked Neu5Gc incorporation into brain poly-Sia by HPLC. PolySia from postnatal day 1 NCmahTg mouse brain contained 68% of Neu5Gc, whereas control mouse poly-Sia had only about 2% (Fig. 4A ). Polysialylation of NCAM was also analyzed by immunoblotting. Given that the currently available anti-polySia antibodies have a strong preference for either Neu5Ac or Neu5Gc (30), we used an anti-NCAM antibody to detect polysialylated NCAM (Fig. 4B, left) . NCmahTg 
Results of initial attempts to produce transgenic mice with brain expression of Neu5Gc
Cmah cDNA was expressed under CMV promoter or NSE promoter. With the NSE promoter, a frameshift mutant Cmah cDNA was also tried. The numbers of live births and transgene-positive mice were indicated. mice expressed polysialylated NCAM, which was detected as high molecular weight smeared bands, at an almost comparable level as control, although the length of polySia may be slightly shorter. These smeared bands in control samples were positively detected by anti-polySia antibody, which barely detected Neu5Gc-containing polySia bands in the NCmahTg sample because of its strong preference to Neu5Ac (Fig. 4B, right) . Polysialylation of these smeared bands was confirmed by cleaving polySia chains with EndoNF. It should be noted that EndoNF worked less effectively on Neu5Gc, which might result in the difference in Neu5Gc% of total lysate and EndoNFreleased polySia in Fig. 4A . NCAM expression was comparable with control, because N-glycan removal by PNGase F treatment gave NCAM bands (140 and 180 kDa) with similar intensity. Thus, Neu5Gc is incorporated into NCmahTg polySia as well as Neu5Ac, and yet apparently it results in no gross defect in brain development. Of course, this does not rule out the possibility that neuronal development might be affected at the cellular level or that the release of brain-derived neurotrophic factor or growth factors bound on poly-Sia might be impaired (19) .
Promoter

Loss of Myelin-associated Glycoprotein (MAG) Ligand and Abnormal Myelination in NCmahTg
Mice-Another feature of sialoglycan expression characteristic to the brain is the relatively large amount of gangliosides (13) . Indeed, most studies with gangliosides are done with Neu5Ac-containing gangliosides purified from the brain. Thus, there is not much knowledge to predict how Neu5Gc incorporation affects ganglioside function. One candidate molecule that can be impacted by the change in sialic acid species from Neu5Ac to Neu5Gc is myelinassociated glycoprotein (MAG, Siglec-4) (42) . MAG is a sialic acid-binding protein expressed on myelin (innermost layer of myelin) and is known to prefer Neu5Ac to Neu5Gc for its ligand (43, 44) . MAG is considered to mediate tight interactions between axon and myelin and axonal outgrowth via its binding to glycan ligands and protein-protein interaction (42, 45) . Magnull mice and B4galnt1 (␤-1,4-N-acetylgalactosaminyltransferase 1)-null mice lacking complex gangliosides, which have been used as MAG ligand-deficient mice, showed dysmyelination especially as they aged (46 -49) . B4galnt1-null mice lack MAG glycan ligands; nevertheless, they cannot fully reveal MAG ligand function because they lack complex gangliosides that could have important functions independent from those as MAG ligands and instead increase simple gangliosides. We asked whether NCmahTg mice had reduced MAG ligands without affecting ganglioside composition except for sialic acid species and showed similar phenotypes as Mag-null mice and B4galnt1-null mice. First, Neu5Gc incorporation into ganglioside was confirmed by mass spectrometry (Fig. 5A ). Then, MAG glycan ligand expression was examined by staining frozen brain sections with MAG-Fc, a chimeric probe consisting of the first three domains of MAG and the Fc region of human IgG. Very little binding was observed in NCmahTg mice, indi- cating that NCmah Tg mice lacked MAG glycan ligands ( Fig. 5B ). Although MAG is not required for myelination itself, it is thought to help with preserving myelinated structures and protecting axons. Indeed, disruption of MAG-ligand interactions results in dysmyelination (48 -50) . Thus, EM imaging was done for corpus callosum, the major myelinated axon tract in the central nervous system (Fig. 6 ). Thinly myelinated and unmyelinated large axons were observed in cross-sections of the corpus callosum of NCmah Tg mice compared with control mice. In the peripheral nervous system, light microscope images of the entire cross-section of the sciatic nerve revealed increased axon degeneration in NCmahTg mice compared with control mice (Fig. 7) .
Because abnormal myelination causes impaired motor coordination and balance, a hindlimb extension test, one of the methods to assess neuropathy, was performed using aged mice over 1 year old (Fig. 8A) . The formal score of hindlimb reflex extension did not show a significant difference between NCmahTg and control mice. Nonetheless, the response of NCmahTg mice seemed to be different from control mice, upon close observation. Thus, severity was evaluated by adding two more factors, the behavior of pulling the hindlimbs to the body (some mice occasionally pulled their hindlimbs close to the body even though they still could extend hindlimbs) and loss of finding a stable position of hindlimb (normal mice usually find a comfortable angle to keep their hindlimbs extending soon after suspension) ( Fig. 8B ). In these analyses, the severity score was higher in male NCmahTg mice than control mice, indicating mild impairment of myelination, which is consistent with EM imaging results (Figs. 6 and 7). To further analyze effects of Neu5Gc expression on motor function, gait analysis, rotarod, and activity testing were performed using aged mice. The results of the gait analysis showed that the stride length of NCmahTg mice was shorter than control mice, although the distance between paws was not different from control (Fig. 8 , C and D). No differences were observed in an accelerating rotarod test that assesses both motor function and motor FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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JOURNAL OF BIOLOGICAL CHEMISTRY 2561 learning (Fig. 8E ). NCmahTg mice exhibited hyperactivity throughout the test time in this study (Fig. 8F) , consistent with a previous report showing that Mag-null and B4galnt1null mice were reported to be hyperactive (49) . Basal pain response was also assessed given that it can be mediated by myelinated axons. NCmahTg mice exhibited normal thermal nociception sensitivity in the hot plate test (Fig. 8G) . Taken together, the results suggested that the impairment of 0 . 9 9 4 1 8 . myelination was not severe and dysfunction was partly compensated. Nonetheless, the phenotypes found here under normal ganglioside composition (except for the change in sialic acid composition) indicated that MAG ligand is involved in proper myelination, and contribution of loss of complex gangliosides is minor. Overall, NCmahTg mice showed similar but milder phenotypes of neuropathy compared with Mag-null or B4galnt1-null mice. The remaining protein-protein interaction of MAG in NCmahTg mice might contribute to this difference. Unlike the case of B4galnt1-null mice (51), MAG expression was not changed in NCmahTg mice, which might explain the relatively milder impairment of myelin structure (Fig. 8H ). Disruption of membrane ganglioside composition in B4galnt1-null mice might cause the decrease of MAG expression independently from the loss of MAG-glycan ligand interaction.
Behavioral Abnormalities of NCmahTg Mice-Because sialic acid is attached to a variety of glycoproteins throughout the brain, Neu5Gc overexpression could affect multiple brain functions. Therefore, we focused on memory function and activity that are often affected in psychiatric disorders. The nestin-Crepositive mice without the Cmah transgene were used as a control. First, locomotor activity was measured. Interestingly, in contrast to the hyperactivity in aged mice (Fig. 8F) , NCmahTg mice at the age of 5-6 months were less active throughout a test time (120 min) compared with control mice (Fig. 9A) . The habituation to the new environment was normal, because traveling distance decreased across time in both control and NCmahTg mice. Neu5Gc expression dependence of this phenotype was confirmed by repeating the test using Cmah transgene-positive Cre-negative mice as a control group (data not shown).
Next, we assessed the effects of Neu5Gc overexpression on memory formation. In the Barnes maze test to assess spatial memory, NCmahTg mice were not different from control mice, both in terms of latency to escape and error, suggesting that spatial memory is normal in Neu5Gc-overexpressing mice (Fig.  9, B-D) . Recognition memory was examined using the novel object recognition test. In this test, NCmahTg mice did not discriminate between familiar and novel objects, indicating that their recognition memory is impaired (Fig. 9, E and F) . Given that the Barnes maze is more reliant on intact hippocampal function and novel object recognition relies on the perirhinal cortex (52, 53) , additional tests aimed at brain localization were conducted. NCmahTg mice were assessed in a fear-conditioning procedure that consisted of hippocampus-dependent contextual fear conditioning and amygdala-dependent cued fear conditioning. In tests of both contextual and cued fear conditioning, no difference was observed between control and 
NCmahTg mice (Fig. 9G ). Thus, these results suggest that Neu5Gc-containing sialoglycans can differentially regulate neural function in different areas of the brain. This is of great interest because overexpressed Neu5Gc seems to be expressed throughout the brain (Fig. 3E ). Further studies could reveal region-specific function of sialoglycans in the brain. It should also be noted that the incorporation of Neu5Gc into polySia chains, whose expression seems to be regulated in a spatiotemporal manner, may contribute to these functional abnormalities.
Effect on Susceptibility to Bacterial Toxin-Given the near complete absence of Neu5Gc in the brains of all Cmah-positive vertebrates studied to date (31) , it is reasonable to assume that the persistence of this strong suppression in so many lineages is due to some strong evolutionary selection factor(s). Although we found mild neural abnormalities of various kinds in the NCmahTg mice, none of these would seem to be detrimental enough by themselves to account for such strong selection. Another mutually non-exclusive possibility for selection that might favor Neu5Gc suppression in the brain is susceptibility to microbial toxins that bind to Neu5Gc-containing glycoconjugates. To examine this hypothesis, we used subtilase cytotoxin (SubAB toxin) that we earlier reported to show a high binding specificity for glycan receptors terminating in Neu5Gc rather than Neu5Ac (10) . To deliver toxin efficiently to the brain, toxin was intranasally administered (54) . Compared with the control group, NCmahTg mice were indeed more susceptible to SubAB toxin, indicating that Neu5Gc expression "in the brain" could affect resistance to infectious diseases "as individuals" (Fig. 10) . Because transgene-derived Neu5Gc overexpression occurs only in the brain and Neu5Gc expression in other tissues is the same as that in control mice, this result strongly indicates the importance of differentiating possible targets of toxins in the brain from other tissues.
Conclusions and Perspectives-From the earliest days in which sialic acids were studied in the vertebrate brain, investigators have commented on the rarity of Neu5Gc in this otherwise sialic acid-rich organ (55, 56) . The fact that expression is not at all tightly regulated in other tissues (30, 31) makes this observation all the more intriguing. Moreover, cells, including embryonic stem cells or primary cultured neurons, are usually cultured in medium containing fetal bovine serum, a source of Neu5Gc, suggesting that possibly toxic effects of Neu5Gc do not target individual neural cells but rather affect the overall central nervous system. Here, we have addressed this longstanding mystery about the evolutionary advantage of this specific and extreme suppression of Neu5Gc in neural tissues by demonstrating some detrimental consequences in Cmah transgenic mice. At first glance, the severity of the phenotypes cannot seem strong enough to provide an explanation. However, the brain is the most critical organ essential for survival and eventually for reproductive fitness. It remains to be seen whether there are other phenotypes, which we have not yet uncovered, that may be contributing to the selection. It would also be interesting to study the promoters and other genetic/ epigenetic components responsible for the Cmah suppression. If the critical components can be identified, they could potentially be used to selectively suppress expression of other genes in the brain.
Experimental Procedures
Animals-Cmah Tg mice were established by the standard injection method. In initial attempts, purified plasmids with a cytomegalovirus (CMV) promoter or an NSE promoter 5Ј to the Cmah cDNA were injected into fertilized mouse eggs, and surviving eggs were implanted in pseudo-pregnant mice. Creinducible Cmah transgene construct consists of CAG promoter, floxed EGFP and CAT genes, and mouse Cmah cDNA, which are flanked by HS4 insulators (57) . Brain-specific Cmah Tg mice were obtained by crossing Cre-inducible Cmah Tg mice with synapsin-Cre mice (35) or nestin-Cre mice (36) after backcrossing to C57BL/6N. All animal experiments were performed in accordance with the Institutional Animal Care and Use Committee of University of California, San Diego.
Immunohistochemistry-Unfixed brain was frozen with OCT compound in a dry ice/isopentane and cryo-sectioned using a cryostat (10 m thickness for Neu5Gc staining and 8 m for MAG-Fc). For Neu5Gc staining, endogenous peroxidase activity was quenched with 0.03% hydrogen peroxide in phosphate-buffered saline containing 0.1% Tween 20 (PBS-T), and endogenous biotin was blocked with avidin-biotin blocking kit (Vector Laboratories). After fixation in 10% neutral buffered formalin for 30 min at room temperature, the sections were incubated in 0.5% fish gelatin-containing PBS-T to block nonspecific binding and stained with chicken anti-Neu5Gc antibody (1:2000, BioLegend) for 1 h followed by biotinylated donkey anti-chicken IgY (1:500, Jackson ImmunoResearch) for 30 min and horseradish peroxidase-conjugated streptavidin (1:500, Jackson ImmunoResearch) for 30 min. The antibodies and probe were diluted in 0.5% fish gelatin-containing PBS-T, and all incubation was done at room temperature. The antibody binding was visualized using AEC peroxidase substrate kit (Vector Laboratories), and cell nuclei were counterstained with Mayer's hematoxylin. For Neu5Gc/CD31 double staining aged mice (1-1.5 years old) . A and B, hindlimb extension test. A, reflection of tail-suspended mice was observed for 30 s and scored based on the criteria described under "Experimental Procedures." Briefly, lower score means severe phenotype. B, two more factors were added to the score used in A to evaluate neuropathy phenotype (see under "Experimental Procedures"). The difference between male control and NCmahTg mice was significant when analyzed by two-tailed unpaired t test. Each dot represents an individual animal, and bars indicate the means with S.D. n ϭ 9 (male control), 10 (male NCmahTg), 16 (female control), or 17 (female NCmahTg). C and D, gait analysis. Mean stride distance (centimeters) (C) and distance between the paws (centimeters) (D) with S.E. is shown. n ϭ 6 (control) or 7 (NCmahTg). The difference in stride distance between control and NCmahTg mice was statistically significant when analyzed by two-way analysis of variance (p ϭ 0.0037). E, rotarod test. Mean latency to fall (average of three trials per day) with S.E. was plotted. n ϭ 7 (control) or 9 (NCmahTg). F, open field test. Locomotor activity was recorded for 1 h, and beam breaks (traveled distance) are plotted per 10 min. n ϭ 6 (control, NCmahTg). Data are shown as the means with S.E. The difference between control and NCmahTg mice was statistically significant when analyzed by two-tailed paired t test (p Ͻ 0.001). G, hot plate test. Latency to nociception response on a hot plate was recorded. n ϭ 6 (control, NCmahTg). Data are shown as the means with S.E. H, MAG expression in the brain. Expression level of MAG and MBP, another myelin-resident protein, in 1-year-old Cre-positive control and NCmahTg mouse brains was examined by Western blotting. Data are representative of several independent experiments that yielded similar results. Control, wild-type or Cre-positive (no Cmah transgene); Tg, NCmahTg. FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 2565 (sequentially stained), the brain sections after blocking were first incubated with anti-Neu5Gc antibody (1:2000 in 0.5% fish gelatin-containing PBS-T) for 2 h. Then antibody binding was visualized with biotinylated donkey anti-chicken IgY (1:500, Jackson ImmunoResearch), alkaline phosphatase-conjugated streptavidin (1:100, Jackson ImmunoResearch), and the VECTOR blue alkaline phosphatase substrate kit (Vector Laboratories). The antibody and probe were diluted in 0.5% fish gelatin-containing Tris-buffered saline with 0.1% Tween 20 (TBS-T), and incubation was done for 30 -60 min at room temperature. After blocking with avidin-biotin blocking kit (Vector Laboratories) and 0.5% fish gelatin-containing PBS-T, the sections were stained with anti-CD31 (1:50, BD Biosciences) for 90 min, then with biotinylated goat anti-rat Ig (1:100, BD Biosciences) for 30 min, and horseradish peroxidase-conjugated streptavidin (1:500, Jackson ImmunoResearch) for 30 min. The antibodies and probe were diluted in 0.5% fish gelatin-containing PBS-T, and all incubation was done at room temperature. The antibody binding was visualized using AEC peroxidase substrate kit (Vector Laboratories).
Detrimental Effects of N-Glycolylneuraminic Acid in the Brain
For MAG-hFc staining, the brain sections were rehydrated in Tris-buffered saline (TBS), and nonspecific binding was blocked with 1% BSA in TBS. After fixation with 10% neutral buffered formalin for 30 min at room temperature, the sections were stained with MAG-Fc precomplexed with alkaline phosphatase-conjugated anti-human IgG (Jackson Immuno-Research) (incubated in 1% BSA-containing TBS for 3 h at 4°C) for more than 2 h at room temperature. MAG-Fc was prepared from culture supernatant of Lec2 stable cell line using protein A column. MAG-Fc binding was visualized using blue alkaline phosphatase substrate kit (Vector Laboratories) and cellular nuclei were counter stained with nuclear fast red.
High Performance Liquid Chromatography (HPLC)-Brain homogenate was subjected to acid hydrolysis with 2 M acetic acid for 3 h at 80°C to release sialic acids from cellular glycoconjugates. After filtration using 10K Amicon Ultra (Millipore), the samples were mixed with equal amount of 2ϫ DMB solution (7 mM 1,2-diamino-4,5-methylenedioxybenzene (DMB), 18 mM sodium hydrosulfite, 0.75 M 2-mercaptoethanol, 1.4 M acetic acid) and incubated for 2.5 h at 50°C. The derivatized samples were analyzed on a reverse phase C18 column (Phenomenex) with an isocratic solvent composition of 7% methanol, 8% acetonitrile, 85% water using ELITE LaChrom system (Hitachi).
To analyze Neu5Gc incorporation into polySia, brains from postnatal day 2-3 mice were snap-frozen using liquid nitrogen and stored at Ϫ80°C until use. The brains were homogenized in 10 mM Tris-HCl (pH 8.0) and subjected to delipidation (10 mM Tris-HCl (pH 8.0)/methanol/chloroform ϭ 3:8:4 twice, ethanol, and then 70% ethanol). The delipidated samples were resuspended in 50 mM Tris-HCl (pH 8.0) and treated with EndoNF (kind gift from Dr. Rita Gerardy-Schahn, Hannover Medical School) for 1 h on ice. The released oligoSia fragments were collected as pass-through fraction of 3K Amicon Ultra (Millipore), hydrolyzed in 2 M acetic acid for 3 h at 80°C, and derivatized with DMB as described above.
Western Blotting-Mouse brain was homogenized using Polytron in tissue lysis buffer (2% Triton X-100, 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, and protease inhibitor cocktail (Calbiochem)) or TL lysis buffer (1% Triton X-100, 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, and protease inhibitor cocktail (Calbiochem); for MAG and MBP detection) and incubated for 1 h on ice. Clear supernatant after centrifugation was collected as brain lysate. The obtained lysate was denatured in SDS-PAGE sample buffer (62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 0.005% bromphenol blue) for 5 min at 98°C and then subjected to Western blotting. Protein bands were visualized using Odyssey infrared imager (LI-COR).
For analysis of NCAM polysialylation, the brain lysate samples were denatured in SDS-PAGE sample buffer for 10 min at 60°C. EndoNF treatment was done for 1 h on ice before the denaturation. Samples for PNGase F treatment were first dena- 6 months old) . A, open field test. Locomotor activity for 2 h was plotted as beam breaks (traveled distance) per 10 min. Open circles, NCmahTg mice; filled circles, control (Cre-positive (no Cmah transgene)) mice. Data are shown as the means with S.E. The difference between control and NCmahTg mice was statistically significant when analyzed by two-tailed paired t test (p Ͻ 0.001). B-D, Barnes Maze test. Mean time to enter the escape box (B) and mean number of errors (C) were shown for 9 days of trials. On day 10, the escape box was removed, and time spent in each quadrant (target quadrant where the escape box was originally located and other three quadrants) was measured (D). Data are shown as the means with S.E. Open circles, NCmahTg mice; filled circles, control (Cre-positive (no Cmah transgene)) mice. E and F, novel object recognition test. During two trials, two identical objects were placed in the testing chamber. Fifteen min later, one of the familiar objects was replaced with a novel object, and the duration of contact was measured. The result was shown as mean duration of contact (E) and recognition index (F) with S.E. Recognition index was calculated using the following formula: recognition index ϭ (time exploring novel object/time exploring all objects) ϫ 100. The difference in recognition index between control and NCmahTg mice was statistically significant when analyzed by two-tailed unpaired t test. G, fear-conditioning test. Freezing behavior in each session was measured. Sessions: Habituation, conditioning chamber before conditioning; Context, trained chamber without the cue (light and tone); Pre-Cue, trained chamber with an altered context without the cue (light and tone); Cue, trained chamber with an altered context and cue (light and tone). Data are shown as the means with S.E. Control, Cre-positive (no Cmah transgene); Tg, NCmahTg. n ϭ 10 (control) or 16 (NCmahTg). tured for 10 min at 99°C, incubated with PNGase F at 37°C overnight, and then incubated in SDS-PAGE sample buffer for 5 min at 98°C. Antibodies used were as follows: anti-Cmah rabbit N8 antiserum (1:2500, kind gift from Dr. Yasunori Kozutsumi, Kyoto University); anti-actin (1:500) from Sigma; anti-Neu5Gc chicken IgY (1:3300) from BioLegend; anti-NCAM (H28-123, 1:200) and anti-MBP (1:100) from Santa Cruz Biotechnology; anti-poly Neu5Ac (12E3, 1 g/ml, kind gift from Dr. Chihiro Sato, Nagoya University); anti-actin (1:1000) and anti-MAG (1:1000) from Cell Signaling; IRDye 800CW goat anti-rabbit IgG (1:15,000), IRDye 800CW goat anti-mouse IgG (1:15,000), IRDye 800CW donkey anti-chicken IgG (1:20,000), and IRDye 680RD goat anti-rat IgG (1:15,000) from LI-COR; and IRDye 800CW goat anti-mouse IgM (1:15,000) from Rockland.
Mass Spectrometry-Gangliosides were extracted from wildtype and NCmahTg mouse brains as described previously (58) and analyzed by MALDI-TOF/TOF instrument.
Imaging of Axon Myelination in Corpus Callosum and Sciatic Nerve-Mice were transcardially perfused with PBS and then 4% paraformaldehyde, 0.1% glutaraldehyde in PBS. Brains and sciatic nerves were removed and post-fixed in EM fixative (4% paraformaldehyde, 2% glutaraldehyde, 2.5% sucrose, 3 mM CaCl 2 in cacodylate-based buffer) on ice. Additional fixation was done with 2% osmium tetroxide. The tissue was stained en bloc with 2% uranyl acetate in distilled water for 30 min, dehydrated in graded ethanol, and embedded using Embed 812 (Electron Microscopy Sciences). For light microscopy, 1-m sections were cut, captured on microscope slides, and stained with 1% toluidine blue. For electron microscopy, 70-nm-thin sections were cut using a Reichert Jung Ultracut E microtome and placed on Formvar-coated 100 mesh copper grids. The grids were stained with uranyl acetate followed by lead citrate. Imaging was performed on a Zeiss Libra 120 using an Olympus Veleta camera.
Hindlimb Reflex Extension-Each mouse was suspended by the tail for 30 s, and the reflex/position of the hindlimbs was scored double-blinded as follows (59): 0, one or both hindlimbs paralyzed; 1, loss of reflex and hindlimbs and paws held close to the body with clasping toes; 2, loss of reflex with flexion of hindlimbs; 3, hindlimbs extended to form Ͻ90°C angle; 4, hindlimbs extended to form Ͼ90°C angle. To assess severity, two more parameters were added to this hindlimb extension score as follows: whether they pulled legs close to the body and whether they could easily find stable position of hindlimbs during test time.
Gait Analysis-Gait measures were collected using an automated gait analysis system (CatWalk, Noldus Instruments). Mice were placed at the start of the runway and allowed to move to the end of the runway, where they can enter a dark enclosure. The test was performed once a day for 5 days. Measurements included stride length and stride width (front and hind).
Rotarod Test-A Roto-Rod Series 8 apparatus (Ugo Basile) was used. The rod was a knurled plastic dowel (6.0 cm diameter) set at a height of 30 cm, and the latencies to fall were automatically recorded by a computer. During training, the mice were placed on the stationary rotarod for 30 s before the trial was initiated. Then, each mouse was given three trials per day, with a 60-s intertrial interval on the accelerating rotarod (3-30 rpm over 5 min) for 3 consecutive days. The latency to fall was recorded for each trial.
Locomotor Activity-Locomotor activity was measured using an automated monitoring system (Kinder Associates). Polycarbonate cage (42 ϫ 22 ϫ 20 cm) containing a thin layer of bedding material was placed into frames (25.5 ϫ 47 cm) mounted with photocell beams. Each mouse was tested for 1 or 2 h as indicated.
Hot Plate Test-Supraspinal antinociception was assessed by the hot plate method. Mice were placed on a hot plate (Thermostat Apparatus) maintained at 55°C. Reaction time latency (jumping or paw licking) was recorded. A maximum latency of 40 s was imposed.
Barnes Maze Test-The Barnes maze used was an opaque Plexiglas disc 75 cm in diameter elevated 58 cm above the floor by a tripod. Twenty holes, 5 cm in diameter, were located 5 cm from the perimeter, and a black Plexiglas escape box (19 ϫ 8 ϫ 7 cm) was placed under one of the holes. Distinct spatial cues were located all around the maze and were kept constant throughout the study. On the 1st day of testing, a training session was performed, which consisted of placing the mouse in the escape box and leaving it there for 5 min. One min later, the first session was started. At the beginning of each session, the mouse was placed in the middle of the platform in a 10-cm high cylindrical black start chamber. After 10 s, the start chamber was removed, a light (400 lux) was turned on, and the mouse was allowed to freely explore the maze. The session ended when the mouse entered the escape box or after 3 min elapsed. When the mouse entered the escape box, the light was turned off and the mouse remained in the dark for 1 min. When the mouse did not enter the box by itself, it was gently put in the escape box for 1 min. The box was always located below the same hole (stable within the spatial environment), which is randomly determined for each mouse. Mice were tested once a day for 9 days. For the 10th test (probe test), the escape box was removed, and the mouse was allowed to freely explore the maze for 3 min. The time spent in each quadrant was determined, and the percent time spent in the target quadrant (the one originally containing the escape box) was compared with the average percent time in the other three quadrants.
Novel Object Exploration Test-All observations were conducted in a circular open field (80 cm in diameter) with walls (40 cm in height). The objects were a blue smooth metal rectangular can (7.5 ϫ 4 ϫ 13 cm) and a pink plastic cup (16 ϫ 6.5 cm; tapered top). These objects could not be climbed and were of sufficient weight such that the mice could not move them. Testing consisted of three 6-min trials. During trials 1 and 2, two identical objects were placed in the field. Fifteen min after the second trial, the test session was performed. On the test, one of the familiar objects was replaced with a novel object to evaluate recognition memory. The number and the time spent in direct contact with the objects were recorded for 6 min.
Conditioned Fear Test-In this procedure, mice learn to associate a novel environment (context) and a previously neutral stimulus (conditioned stimulus, light, and tone) with an aversive foot shock stimulus. Testing occurred in the absence of the aversive stimulus. Once conditioned, animals will exhibit freez-ing behavior when exposed to either the context in which the shock was received or to the conditioned stimulus. Conditioning was conducted using Freeze Monitor chambers (Med Associates) housed in soundproof boxes. On day 1, mice were placed in the conditioning chamber for 5 min to habituate them to the apparatus. On day 2, the mice were exposed to the context and conditioned stimulus (light and 30 s tone) in association with foot shock (0.70 mA, 2 s). On day 3, contextual conditioning (as determined by freezing behavior) was measured in a 5-min test in the chamber where the mice were trained (context test), and 4 h later the mice were tested for cued conditioning (conditioned stimulus ϩ test). Freezing behavior in the context and cued tests (relative to the same context prior to shock and an altered context prior to tone, respectively) is indicative of the formation of an association between the particular stimulus (either the environment or the tone) and the shock, i.e. that learning has occurred.
Subtilase Cytotoxin (SubAB Toxin) Treatment-SubAB holotoxin, comprising the catalytic A subunit (a highly specific serine protease that cleaves the endoplasmic reticulum chaperone BiP/GRP78 (60)) and a pentameric B subunit specific for Neu5Gc with His 6 tags fused to the C termini, was purified from recombinant Escherichia coli using nickel-nitrilotriacetic acid chromatography, as described previously (61) . The purified SubAB toxin stored in PBS, 50% glycerol was diluted in PBS, and 2 g of SubAB toxin (5 l by volume) was intranasally administered to 23-27-week-old female mice. The health condition/behavior was observed every day for more than 2 weeks.
Statistics-The statistical significance of the observed differences was evaluated using a paired or unpaired t test depending on the case unless otherwise specified. The numbers of mice used were more than the minimum required to detect statistical significance. Prism 6 Program (GraphPad) was used for the statistical analyses.
